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The insulin-like growth factor 2 gene (IGF2) encodes an essential growth factor and is imprinted in various mammalian species. Differentially
methylated regions (DMRs) are often located within CpG islands and are critically involved in the regulation of monoallelic Igf2 expression in the
mouse. Only partial sequence information is available for the bovine IGF2 gene and no DMR has currently been identified. The goal of this study
was to identify a DMR within the bovine IGF2 gene as a prerequisite for further studies on gene-specific methylation patterns during
preimplantation development. Here we describe the sequence analysis of a CpG-rich DNA fragment from the 5′ untranslated region spanning
exons and introns 4 and 5 and the identification of a previously unknown DMR in exon 10 of the bovine IGF2 gene. Bisulfite analysis revealed
that this DMR is differentially methylated in mature oocytes and sperm. The identification of an intragenic DMR within a developmentally
important gene such as the bovine IGF2 gene provides a useful tool to evaluate the methylation patterns of embryos derived in vivo and in vitro.
Our study is the first report of a differentially methylated region in a bovine imprinted gene discovered by the analysis of female and male
gametes.
© 2006 Elsevier Inc. All rights reserved.Keywords: IGF2; Differentially methylated region; CattleThe insulin-like growth factor 2 (IGF2) gene encodes a
growth factor that plays a crucial role in tissue differentiation,
fetal growth [1,2], and placental development [3]. It maps to
chromosome 7 in the mouse [4], to chromosome 11 in humans
[5,6], to chromosome 2 in pigs [7,8], to chromosome 21 in sheep
[9], and to chromosome 29 in cattle [10]. Molecular organization
and regulation of this gene are similar in these species. In large☆ Sequence data from this article have been deposited with the EMBL Data
Library under Accession No. AJ890138 (exons and introns 4 and 5 of the bovine
IGF2 gene).
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doi:10.1016/j.ygeno.2006.03.011mammals, the gene consists of 10 exons [11–14]. The murine
Igf2 gene differs from that and contains six functional exons and
two nonfunctional “pseudo-exons” [4]. Various IGF2 transcripts
including different exon sequences at the 5′ end but identical
coding exons are produced by initiating expression from different
promoters, and a variety of IGF2 isoforms are subsequently
formed by alternative splicing [4,11,12]. In total, four different
promoters were found at homologous chromosomal locations in
the IGF2 genes of human, pig, and ruminants. This permits the
production of unique isoforms of IGF2mRNA in each tissue and
during each stage of development [11,12,14,15].
The IGF2 gene has been found to be imprinted in all studied
species such as mouse [16], human [17–19], sheep [20,21], pig
[7], and cattle [22]. Correct imprinting patterns are crucial for
normal mammalian development, postnatal behavior, and brain
development or function [23]. Regulation of imprinted genes
223C. Gebert et al. / Genomics 88 (2006) 222–229correlates well with DNA methylation [23,24]. Mammalian
genomic DNA is methylated mainly at cytosine–guanine (CpG)
dinucleotides. However, CpG islands that represent regions
with a high proportion of CpG’s are mostly nonmethylated
except in the case of imprinted genes [25–28].
A characteristic feature of imprinted genes is the methylation
of CpG’s on only one of the parental alleles. The allele-specific
methylation is typical for differentially methylated regions
(DMRs) and the methylation pattern is implicated in the
regulation of imprinted gene expression [29–31]. Parent-of-
origin-specific DMR methylation is normally established during
germ cell development and in the early embryo [23]. However,
recent work indicates that allele-specific methylation can also be
established in somatic tissues without going through the germ
line [32].
Three DMRs have been documented to be involved in the
regulation of Igf2 expression in the mouse (Fig. 3). DMR0 is
placenta-specific and located upstream of DMR1 in the
intergenic region between the insulin (Ins) and the insulin-like
growth factor 2 (Igf2) genes. DMR0 is transcribed in both
directions and both parental alleles are highly methylated [29].
The paternally methylated DMR1 lies 3 kb upstream of the Igf2
promoter P1 and represses maternal Igf2 transcription [30,33].
DMR2 is methylated on the paternal allele within the last exon
(exon 6 in the mouse) of the Igf2 gene [34] and contains a 54-bp
core region that enhances Igf2 transcription [31].Fig. 1. Comparative representation of the IGF2 gene in different mammalian species.
and intragenic differentially methylated regions as DMR below a rectangle.Ψ1 andΨ
species.A first draft of the bovine genome has recently been
published (www.ncbi.nih.gov/Genbank). However, precise
sequence information for the bovine IGF2 gene is not yet
available. Our study focused on sequencing of critical portions
of the bovine IGF2 gene in which DMRs were expected.
Identification of these DMRs would facilitate ongoing studies
of the IGF2-specific methylation patterns during preimplanta-
tion development. Here, we report the first study in which DNA
methylation of a bovine imprinted gene was analyzed to identify
the presence of an intragenic DMR by using DNA from male
and female germ cells as starting material.
Results
Due to the lack of DNA sequence information for the
bovine IGF2 gene in the GenBank database, we used the
ovine IGF2 gene [12] to identify CpG-rich domains using
the computer program CpGwin [35]. This approach was
based on the knowledge that DMRs are predominantly
found within and/or in the vicinity of CpG islands [30,36].
A DNA fragment within the 5′ untranslated region of the
ovine IGF2 gene was utilized to sequence the bovine
counterpart (Figs. 1 and 2). The ovine sequence spanning
exons 4 to 6 contained a high content of CpG dinucleotides
(65–72%) and fulfilled all the criteria of a CpG island [25].
Two sets of primers (Table 1) were designed from the ovineNumbered rectangles represent exons, promoter regions are indicated as P1–P4
2 represent pseudo-exons 1 and 2 in the mouse. These exons are active in other
Fig. 2. The bovine IGF2 sequence of exons and introns 4 and 5 was obtained using primers for the first round of PCR that had been designed from the ovine IGF2 gene
sequence available in the GenBank database (U00664). Numbered rectangles represent exons, primer pairs used for PCR amplification are indicated as horizontal
arrows.Within the ovine sequence the primer pair spanning exons 4 and 5was primer oIGF2-4.1, the primer pair spanning exons 5 and 6was primer oIGf2-5.1. To obtain
the complete sequence of intron 4 PCR amplification with a bovine-specific primer pair, primer bIGF2-4.2, became necessary. Introns 4 and 5 each contain a CpG island.
224 C. Gebert et al. / Genomics 88 (2006) 222–229IGF2 gene encompassing introns 4 (primer pair oIGF2-4.1/
4.2) and 5 (primer pair oIGF2-5.1). Sequences of the two
individually amplified PCR products resulted in a 1735-bp
fragment from bovine kidney DNA (EMBL: AJ890138) that
was aligned against the ovine gene sequence (GenBank:
U00664; 1041–3073 bp) (Fig. 3). Bioinformatic analysis
using BLAST revealed this sequence representing exons 4
and 5 and introns 4 and 5 of the bovine IGF2 gene. Exons
4 and 5 contained 96 and 98% and introns 4 and 5 95 and
92% homologous sequence identity, respectively, to the
corresponding ovine sequences. Alignment against human
and porcine exons and introns 4 and 4b revealed sequence
homologies of ∼90% in these two species.
A promoter region was identified within the bovine intron 5
sequence by the computer program Neural Network Promoter
Prediction [37]. This region contains a TATA box (5′-TATAA-Fig. 3. Representative gel photograph of PCR-amplified bovine IGF2 sequences. Pri
[12] to identify exons and introns 4 and 5 of the homologous bovine gene (lanes 1,
specific primer pairs (bIGF2) were cut out for sequencing and complete identification
3, 6, and 9.3′) within intron 5 (1536–1586 bp) and a preceding basic
recognition sequence (5′-GGGGCGGGGC-3′) of the SP1
transcription factor [38]. The SP1 site (1459–1468 bp) is
located 67 bp upstream of the TATA box. Furthermore, a
CCAAT box (5′-CCATTGGCGCGGGC-3′; 1486–1499 bp)
was identified between the SP1 site and the TATA box. These
elements are recognition sites for the transcriptional machinery
and are also present in the homologous ovine intron 5 sequence
(GenBank, U00664; SP1 site, 2769–2778 bp; CCAAT box,
2794–2808 bp; promoter sequence, 2841–2890 bp [12]) and in
the human P3 promoter region [39].
To identify DMRs within the bovine IGF2 gene, we
analyzed 236 bp of exon 4 and intron 4 (71–307 bp) and an
upstream portion of intron 5 (915–1326 bp) of the sequenced
1735-bp fragment (EMBL: AJ890138). The size and location of
the sequences analyzed by bisulfite sequencing were defined bymers oIGF2 were designed from the sequenced and published ovine IGF2 gene
2, 7, 8). The highest gel bands obtained from PCR amplification with bovine-
of the bovine intron 4 sequence (lanes 4, 5). Negative controls are shown in lanes
Table 1
Primers used for PCR
Primer Primer sequence Annealing (°C) PCR supplement Accession No.
oIGF2-4.1 F: GCGGGAAGTTTCTCTCGTCCTCCTCACACA 67.7 6% DMSO U00664
R: TTCAGCCCCGGGGCGCACCACGGTCATTTG 40 cycles F:1150–1180; R:2035–2006
bIGF2-4.2 F: ATCGCTCGCTCGCTGCCTCGACTCC 63.5 6% DMSO F:196–220; R:844–869
R: TGCAGGTAGGATTTGAACGACGTTTC 35 cycles
oIGF2-5.1 F: GTGAGCTCGGCCATTCAGGTAGGAT 62 5 M betain U00664
R: CGGGCGTTGAGGTAGACGAAGAGGA 40 cycles F:2132–2156; R:3106–3082
Bisulfite-4.1 F: ATTGGGTATTGTTTTTAGTTTTT 49.1 F:61–83; R:438–458
R: TTATAATCTTTACACAAAACA 40 cycles
Bisulfite-4.2 F: GTTTTTAGTTTTTTTTAAATTTG 47.4 F:71–93; R:288–307
R: AATAAATTTAAAAACCAAAC 35 cycles
Bisulfite-5.1 F: TGGTTTTTTTAGATTTTTAAATGAT 51 F:688–712; R:465–490
R: AAAATAAAAACAAAAATCCTCAAAA 40 cycles
Bisulfite-5.2 F: GTTTTATGTTTGGTTTTTAGT 50.2 F:44–64; R:434–454
R: TCTAAAATTACTATTCCAAAA 35 cycles
Bisulfite-10.1 F: TGGGTAAGTTTTTTTAATATGATATT 49.6 X53553
R: TTTAAAACCAATTAATTTTATACATT 40 cycles F:243–268; R:672–697
Bisulfite-10.2 F: TAATATGATATTTGGAAGTAGT 49.1 X53553
R: ACATTTTTAAAAATATTATTCT 35 cycles F:257–278; R:655–676
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sequence of exon 10 had been published (GenBank: X53553
[40]). This is the last exon of the bovine IGF2 gene and it was
included in the bisulfite sequencing analysis because the last
exon of the murine Igf2 gene contains a well-characterized
DMR and an important enhancer element [33,41]. In the present
study (Figs. 4 and 5) the methylation level of 27 CpG’s in exon
4 and intron 4 was low both in DNA extracted from bovine
oocytes (3.9 ± 0.7%) and in sperm (1.9 ± 0.3%). There was also
no difference in methylation between oocytes (2.8 ± 0.9%) and
sperm (3.9 ± 2%) within intron 5, which contains the promoter
region (Fig. 4).
By contrast, a significant difference (P ≤ 0.05) between
DNA extracted from oocytes and sperm was detected in the
methylation level of exon 10. This final exon of the bovine
IGF2 gene was sixfold more methylated in sperm
(99 ± 0.3%) than in oocytes (16 ± 0.8%; Fig. 4), clearly
indicating the presence of an intragenic differentially
methylated region. The methylation difference included all
27 CpG’s between nucleotides 257 and 676 bp of the coding
region (GenBank: X53553). Importantly, the 54-bp core
region of the intragenic DMR2 in the mouse [31,34]
(GenBank: U71085; 24416–24470 bp) is conserved within
the homologous intragenic DMR of the bovine IGF2 gene
(GenBank: X53553; 281–334 bp).
Discussion
The IGF2 gene is subject to imprinting in several mammalian
species and was selected for this study because of its crucial role
in growth and development [1,3,16]. We sequenced putatively
imprinting-associated portions of the gene since only the
sequence of exon 2 and the translated region of the bovine
IGF2 gene were available in the GenBank database (AY23743;
X53553). Although the H19 DMR located in the intergenic
region downstream of the mouse Igf2 gene is known as the major
cis-acting element regulating expression of the two genes it wasexcluded from the analysis. Our approach sequencing parts of
the bovine IGF2 gene with primer pairs specific to the ovine
IGF2 gene was dependent on a high portion of homologous
sequences between these two species [42,43]. This study
focused on the identification of intragenic DMRs because we
anticipated higher sequence conservation within the gene body
than in an intergenic region.
Analysis of the already published sequence of the ovine
IGF2 gene [12] revealed a CpG island (data not shown) within
the untranslated region based on the definition of Gardiner-
Garden and Frommer [25]. The presence of a CpG island within
the ovine IGF2 gene was also confirmed in the homologous
bovine 1735-bp fragment. Homologies of ∼90% were detected
for this fragment of the bovine IGF2 gene with phylogenetically
distant species such as human and pig. Thus, the molecular
structure of the IGF2 gene is highly conserved between
mammals despite minor modifications such as the two
pseudo-exons in the mouse [4] or the lack of exon 2 in sheep
[12]. A recently published study on promoter-specific expres-
sion patterns in the bovine IGF2 gene confirms our results of
CpG-rich sequence identities and high sequence homologies
between different mammalian species [15]. In this study
promoter 3 has been mapped downstream of exon 5 by
comparison of the corresponding sequence of the human and
pig. The analysis of promoter-specific elements presented in
this study verifies in detail the location of this promoter within
the bovine IGF2 gene.
Knowledge of the complex regulation of the IGF2 gene
stems predominantly from studies in the mouse. The murine
Igf2 gene is reciprocally imprinted to the downstream-located
H19 gene and both genes share common enhancers [23,44].
Unlike the mouse, gene-specific information on bovine
molecular structure and imprinting status has only recently
emerged [15,22,45–47]. From the bovine insulin and IGF
family, the insulin-like growth factor 2 receptor (IGF2R) gene
and the IGF2 gene were identified as imprinted genes [22,45].
Both studies used single-nucleotide polymorphisms (SNPs) to
Fig. 4. Methylation patterns of exon and intron 4, intron 5, and exon 10 in in vitro-matured bovine oocytes (♀) and frozen/thawed sperm (♂). Black boxes indicate
exons, each line represents one individual bacterial clone, and each circle one single CpG dinucleotide. Open circles show nonmethylated CpG’s and black circles
methylated CpG’s.
226 C. Gebert et al. / Genomics 88 (2006) 222–229discriminate between the two parental alleles. In the present
study, however, we overcame the lack of known genetic
markers such as SNPs for determination of differentially
methylated regions within the bovine IGF2 gene by using
female and male gametes as the source for DNA. A significant
difference in the methylation level was detected in the final
exon of the gene between the two gametes. The extraordi-
narily high methylation level of sperm DNA and the low
methylation level in oocytes clearly indicate the presence of anFig. 5. Representative gel photograph of PCR analyses using bisulfite-treated DNA
isolated from in vitro-matured bovine oocytes and frozen/thawed sperm. PCR produc
into Escherichia coli cells prior to sequencing. (Lanes 1–3) Exon and intron 4: oo
control. (Lanes 7–9) Exon 10: oocytes, sperm, negative control.intragenic DMR and underline the validity of the present
methodological approach. Our finding supports the notion that
the IGF2 gene is well conserved among mammals, as the
homologous DMR had also been found in the last exon of
mouse and human, in which the paternal allele is methylated as
well [34,48]. We propose that this DMR corresponds to the
DMR2 in the mouse, which becomes reprogrammed after
fertilization but paternal hypermethylation is restored later
during development [49]. In contrast to the mouseto identify intragenic DMRs within the bovine IGF2 gene. Genomic DNAwas
ts were cloned into the pGEMT-Easy vector system (Promega) and transformed
cytes, sperm, negative control. (Lanes 4–6) Intron 5: oocytes, sperm, negative
227C. Gebert et al. / Genomics 88 (2006) 222–229remethylation of the bovine genome already starts at the
morula stage [50]. The intragenic DMR of the IGF2 gene can
therefore be used as a bovine marker DMR.
The DMR2 was found to contain a 54-bp core region
responsible for the enhancement of transcription from the
paternal allele in the mouse and was also determined in the
human and porcine orthologues [14,31,34]. The core region is
conserved in exon 10 of the bovine IGF2 gene, suggesting that
regulatory elements of the IGF2 gene are similar among
different mammalian species.
The identification of this intragenic DMR within the bovine
IGF2 gene provides a solid new basis for in-depth investiga-
tions of bovine imprinting characteristics and its regulatory
mechanisms. Bovine in vitro-produced embryos are often
affected in their developmental capacity [51,52] and aberrant
gene expression of the bovine IGF2, IGF2R, and H19 genes
was reported from calves derived after somatic nuclear transfer
[53]. Reports about developmental aberrations associated with
the continuously rising popularity of biotechnological methods
in both animals and humans demonstrate the need for diagnostic
tools to detect developmental abnormalities early in embryo-
genesis. The DMR identified in this study will provide such a
valuable diagnostic tool to evaluate methylation patterns in
single bovine preimplantation embryos and be instrumental in
identifying putative developmental failures.
Materials and methods
Collection of in vitro-matured bovine oocytes
Cumulus oocyte complexes were isolated from slaughterhouse ovaries by
slicing and matured in vitro [54,55]. Briefly, TCM 199 containing L-glutamine,
25 mM Hepes, 22 μg pyruvate, 2.2 μg NaHCO3, and 50 μg gentamicin was
supplemented with 10 IU eCG, 5 IU hCG (Suigonan; Intervet, Tönisvorst,
Germany), and 0.1% BSA-FAF (Sigma–Aldrich Chemie, Taufkirchen,
Germany). In vitro maturation was performed at 39°C and 5% CO2 in a
humidified air atmosphere for 24 h. Cumulus cells were removed from oocytes
by incubation in 0.1% hyaluronidase in Ca2+- and Mg2+-free PBS. Each oocyte
was examined for extrusion of the first polar body. Pools of 40 or 80 oocytes
(metaphase II) were frozen in 2-ml tubes and stored in a minimum of PBS
supplemented with 0.1% PVA at −80°C.
DNA preparation
Genomic DNA was isolated from bovine kidney by lysis in 550 μl of a
buffer consisting of 50 mM Tris–HCl at pH 8.0, 100 mM NaCl2, 100 mM
EDTA, 1% SDS and treated with 70 μl of proteinase K (10 mg/ml). Genomic
DNA from frozen/thawed sperm was prepared in the same manner but 500 μl
of lysis buffer was supplemented with 2.5 μl of Triton X-100 (Merck,
Darmstadt, Germany), 21 μl of dithiothreitol (1 M) (Sigma–Aldrich Chemie),
and 40 μl of proteinase K (10 mg/ml). DNA precipitation was performed in a
saturated sodium chloride solution with subsequent addition of 100% ethanol
(Roth, Hamburg, Germany).
Isolation of genomic DNA from in vitro-matured oocytes was carried out
using the protocols of Hajkova et al. [56] and Lopes et al. [49]. Briefly, 40
oocytes were boiled in water for 30 min, then 100 μl lysis buffer (10 mM
Tris–HCl, pH 8, 10 mM EDTA, pH 8, 1% SDS (w/v)), 20 μl proteinase K
(10 mg/ml), and 1 μl yeast tRNA (11 mg/ml; Sigma–Aldrich Chemie) were
added and the digestion proceeded overnight at 55°C in a thermal shaker.
Genomic DNA was isolated by phenol/chloroform extraction using the Phase
Lock Gel system (PLG-Heavy; Eppendorf, Hamburg, Germany). Isolated
genomic DNA was precipitated by the addition of 2 volumes of 100% ethanol(Roth), 3 M sodium acetate (to reach a final concentration of 0.3 M), 1 μl
yeast tRNA (11 mg/ml; Sigma–Aldrich Chemie) and cooling for 2 h at
−30°C. The DNA pellet was washed twice in 500 μl 70% ethanol (Roth)
followed by air-drying. DNA was resuspended in 3 μl sterile water at 4°C
overnight.PCR amplification and DNA sequencing
Primers designed from the sequence of the ovine IGF2 gene
(GenBank: U00664) were used to amplify bovine kidney DNA. Two
individual PCRs were performed: one to amplify DNA fragments
spanning exons 4 and 5 and the other to amplify exons 5 and 6.
Using 100 ng of bovine genomic kidney DNA, PCR amplification was
performed in 1× PCR buffer (20 mM Tris–HCl, pH 8.4, 50 mM KCl2),
1.5 mM MgCl2 (Invitrogen, Karlsruhe, Germany), 0.2 mM dNTPs
(Amersham Biosciences Europe GmbH, Freiburg, Germany), 0.6 μM
each primer (oIGF2-4/oIGF2-5), and primer specific PCR supplements
(DMSO (Merck) or betain monohydrate (Fluca, Taufkirchen, Germany);
Table 1). Taq polymerase (1.5 units; Invitrogen) was added at 72°C after
5 min of denaturation at 95°C. Template DNA was amplified for
40 PCR cycles. Each PCR cycle consisted of a denaturation step at
95°C for 20 s, 30 s at the primer-specific annealing temperature, and
45 s of extension at 72°C. The PCR was terminated by a final
extension step at 72°C for 10 min. PCR products were separated by gel
electrophoresis and gel bands were cut out and purified using the GFX
PCR DNA and Gel Band Purification Kit (Amersham Biosciences
Europe) prior to sequencing. A bovine-specific primer pair (bIGF2-4.2)
was designed from the sequence of the PCR product from the oIGF2-4.1
primers. These primers amplified a fragment within intron 4 of the
bovine IGF2 gene.Bisulfite sequencing of oocyte and sperm DNA
Bisulfite sequencing was performed using the protocols of Hajkova et
al. [56] and Lopes et al. [49]. Briefly, genomic DNA isolated from 40 in
vitro-matured oocytes and 16 ng of sperm DNA was digested with EcoRI
(New England Biolabs, Frankfurt a.M., Germany). Denatured DNA was
embedded in 7 μl of low-melting agarose (SeaPlaque GTGagarose, 20 mg/
ml; Biozym, Hess. Oldendorf, Germany), cooled to form agarose beads,
and incubated in 2.5 M bisulfite–hydroquinone solution, pH 5 (Roth), for
4 h at 50°C.
First-round PCR was carried out in a final volume of 100 μl. PCR conditions
were as follows: 1× PCR buffer (20 mM Tris–HCl, pH 8.4, 50 mM KCl2),
1.5 mM MgCl2 (Invitrogen), 0.2 μM dNTPs (Amersham Biosciences Europe),
and 0.6 μM each primer (Bisulfite-4, Bisulfite-5, Bisulfite-10; Table 1). After an
initial denaturation step at 95°C for 5 min, 1.5 units Taq polymerase (5 U/μl;
Invitrogen) was added at 72°C following 40 PCR cycles. Nested PCR was
performed by taking 2 μl of the first-round PCR products and repeating the
reaction for 35 cycles. PCR products were cloned into the pGEMT-Easy vector
system (Promega, Mannheim, Germany) and transformed into Escherichia coli
cells (XL10 Gold; Stratagene Europe, Amsterdam, The Netherlands) and
individual clones were sequenced. Only sequences derived from clones with
≥95% cytosine conversion were analyzed. Percentages were calculated based
on the total number of cytosine molecules and the number of converted
cytosines within the fragment amplified. The methylation patterns were used to
identify clones originating from different DNA templates.Statistical analysis
Within exon 4, intron 4, and exon 10, a total of 27 CpG dinucleotides were
analyzed, and within intron 5, a total of 38 CpG dinucleotides were analyzed by
bisulfite sequencing. Methylation patterns of each CpG were identified in
multiple individual clones from two to six independently amplified DNA
templates. The global methylation levels of each of the three fragments under
investigation were calculated as the percentage of the total amount of
228 C. Gebert et al. / Genomics 88 (2006) 222–229methylation in all 27 and 38 CpG’s, respectively. Descriptive statistics and one-
way ANOVAwere performed with the computer program SigmaStat 2.0 (Jandel
Scientific, San Rafael, CA, USA). Significant differences (P ≤ 0.05) between
the groups were detected by multiple pair-wise comparisons using Dunn’s
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